Abstract. Structure refinement of a water quenched alloy of Al 72 Ni 20 Co 8 , which is known as a highly ordered decagonal quasicrystal, has been carried out by quantitative comparison of experimental and simulated intensities of convergent-beam electron diffraction (CBED) patterns. In the present study, higher-order Laue zone reflections, whose intensities are sensitively changed with atom positions, have been used for the refinement of atom position parameters in the quasiperiodic directions. The refined parameters have been compared with the results obtained by X-ray diffraction.
Introduction
Structure refinement of quasicrystals has so far been performed mainly by X-ray diffraction method. With the X-ray technique it is possible to determine atom positions with an accuracy of an order of 10 À4 nm. However, it needs a single (quasi-)crystalline grain with a size of more than 1 micron. This requirement prevents most of the quasicrystalline materials, which have been discovered so far, to be analyzed, because of the difficulty of the growth of a sufficiently large single quasicrystalline specimen.
Convergent-beam electron diffraction (CBED) has recently been applied for structure refinement of periodic crystals [1, 2] . One of the important merits of the CBED method, in contrast to the X-ray and neutron techniques, is the ability of nanometer-size structure analysis. Another important merit of the CBED is a highly accurate charge density analysis due to the high sensitivity of low order scattering factors of electrons to the valence electrons, in contrast to X-rays and neutrons [3] . Very recently, structure refinement by CBED was applied to quasicrystals [4, 5] .
Al 72 Ni 20 Co 8 is known to be a highly ordered decagonal quasicrystal [6, 7] . A structural model has been proposed on the basis of high-angle annular dark-field scanning transmission electron microscope images [8] and the structure of an Al 13 Fe 4 approximant phase [9] . The structure refinement of this phase has been carried out so far by the single crystal X-ray diffraction technique [10, 11] .
In the present study, we carried out the refinement of atom position parameters of decagonal Al 72 Ni 20 Co 8 , using the model proposed by Saitoh [9] , by the CBED method as the first test of the structural refinement of a quasicrystalline material.
Structure analysis by convergentbeam electron diffraction
Structure analysis by the CBED method is carried out by quantitative comparison of experimental and simulated CBED intensities. In this scheme, true structural parameters are determined, with which simulated CBED patterns reproduce experimental patterns with least residual errors in their intensities. Since incident electrons experience multiple scattering in the specimen, the dynamical diffraction theory is needed to calculate intensity distributions in the CBED patterns. In the present study, the Bethe matrix method [12] [13] [14] is used. This is the method used to obtain eigenfunctions of the fast incident electron, or Bloch states, moving in the electrostatic potential of a crystal on the basis of the Schrödinger equation. It should be noted that the Bethe method can be applied to a quasiperiodic system, because it imposes no limitation of the dimensionality. Actually, simulated patterns calculated from a quasiperiodic model show good agreement with experimental patterns as will be seen later (Fig. 2) .
The main difference between the CBED simulations of quasicrystals and periodic crystals is the calculation of Fourier components of electrostatic potential V g . We calculate the Fourier components by using a high-dimensional description of the quasicrystal. Thus, no hypothetical crystalline-approximant structure with a large unit cell is needed for the present CBED simulation. Furthermore, point-group symmetry of quasicrystals is exactly hold in CBED intensity. Figure 1 shows the atomic arrangements of the two types of the basic structural units, P and S clusters, of the present structure model [9] . These atom clusters are lo-cated at the vertex positions of the hexagon-boat-star tiling. Structure parameters fitted in the present study are the six parameters, a 1 , a 2 , a 3 , b 1 , b 2 , b 3 , which correspond to radial displacements of the atom positions. These displacements do not destroy the space group symmetry, P10 5 / mmc, of this alloy. The signs of the displacements are indicated by the arrows in Fig. 1 .
Experimental
An alloy of a nominal composition Al 72 Ni 20 Co 8 was melted and slowly solidified in an arc furnace in an Ar atmosphere. The sample was annealed at a temperature of 900 C for 120 hrs and quenched in cold water. The sample was crushed and dispersed on holey carbon films on copper grids for electron microscopy. CBED experiments were conducted by an energy filtering transmission electron microscope, JEOL JEM-2010FEF at an acceleration voltage of 100 kV. The incident electron probe was set to be 1 nm in diameter with a convergence angle of approximately 10 mrad. Zero-loss CBED patterns were recorded using an energy selecting slit of DE ¼ 0 AE 5 eV that removes the inelastic background caused mainly by plasmon losses. The [0 1 1 0 0] incidence, which is along one of the 2-fold axes, was used in the present study mainly due to the following two reasons. 1) A large number of higher-order Laue zone reflections (HOLZ), which are sensitive to structural parameters, can be used in this orientation. 2) A rather small number of zero-order Laue zone (ZOLZ) reflection are excited, which reduces calculation time. CBED patterns were recorded on imaging plates. [9] , where 251 beams observed in the experimental patterns are included in the simulation. The specimen thickness parameter was set to be 98 nm, which was determined by comparing the patterns of the 0 0 0 0 2 and 1 1 1 1 1 1 0 reflection disks. It should be pointed out that these ZOLZ reflection patterns are not so sensitive to changes in the displacements of the atom positions but sensitive to changes in the specimen thickness, therefore, the thickness parameters can be determined independently because of the weak correlation to the atom position parameters.
Results and discussion
Figures 2(c) and (d) are enlargements of the experimental and simulated ZOLZ patterns indicated by the white rectangles in Figs. 2(a) and (b) , respectively. From the agreement between the 0 0 0 0 2 and 1 1 1 1 1 1 0 reflections disks in the ZOLZ patterns and the HOLZ reflection indicated by the arrows, respectively, it is seen that the present simulation reproduces well the major features of the experimental patterns. This indicates that the Bethe method for the CBED simulation can successfully be applied to the aperiodic system as well as to periodic systems. We observed that the HOLZ reflection intensities are sensitive to changes in the displacements of the atom positions.
In the present study, the intensity data of the six HOLZ reflection disks, which are indicated by the circles in Fig. 2(a) , were fitted to the simulation. We define a quantity Table 1 , where the corresponding parameters of the X-ray study by Takakura [10] are also listed as a reference. It is seen that most of the parameters are fairly similar not only with respect to the absolute values but also the directions of the displacements. It should be noted that the parametrization manner of the high dimensional structure, or the division manner of the occupation domains, in the present study is not exactly the same as that of the X-ray analysis. Figure 3 shows the final results of the experimental and simulated reflection disks used in the present refinement, where the left and central columns show the experimental and simulated disks with the refined parameters. The right column shows the simulated disks before the refinement. It is seen that, after the refinement, the simulated disk patterns reproduce the detailed features of the experimental patterns, especially in the 2 2 1 1 2 4 0 and 2 2 1 1 2 4 1 1 disks, very well. This good agreement between the experimental and simulated patterns indicates the validity of the determined values of the refined parameters.
Despite the good fit of the six HOLZ reflection disk patterns in Fig. 3 , there are some problems with the refined parameters of the structural model. One of the problems is the interatomic distances. Before the refinement, the minimum interatomic distance is 2.42 A, which is a reasonable value for the approximants of Al-based decagonal alloys such as Al 13 Fe 4 . After the refinement, some of the interatomic distances becomes less than 2.1 A, which seems to be extremely short compared with the the approximant phases. Such a short distance may be obtained because the present analysis excludes atom displacements along the tenfold direction, which occurs in the approximant phases. There are also some disagreements in other HOLZ reflections. These may also be due to an insufficient fit of the atom displacement along the tenfold direction. Debye-Waller factors, phason factors and occupancies should also be considered to display a better fit between the experiment and the simulation. Actually, atomic resolution electron microscope observations of the present alloy show structural disorders in the atom clusters [15] [16] [17] . Table 1 . The values of the structural parameters determined by the fit of the 6 HOLZ reflections shown in Fig. 3 and the corresponding values determined from the X-ray study by Takakura [10] .
Conclusion

Parameters
Present study (nm) X-ray study [10] of dynamical simulation is applicable to aperiodic crystalline materials as well. The refinement of the remaining parameters, such as Debye-Waller factors, phason factors and occupancies, is now in progress. For better comparison with the X-ray results, occupation domains with the same division manner as the X-ray analysis [10, 11] will be attempted.
